Abstract. The recent entrapment of nine coal miners by water at Quecreek Mine has directed national attention to the hazards of mining in proximity to inaccurately mapped or unmapped mine workings. Previous work by the National Energy Technology Laboratory has shown that helicopter frequency domain electromagnetic (FDEM) surveys can detect underground mine workings if: 1) the workings are flooded with conductive water, 2) the overburden conductivity is less than 30 mS/m, and 3) the workings are no deeper than 50 m. Currently, most active mines are at depths greater than 50 m, too deep to be detected with FDEM. This survey attempted to use helicopter TDEM, a technique with greater exploration depth than FDEM, to locate flooded mine workings at 100-to 200-m depths. Four mined areas in southwestern Virginia were selected for study: two areas contained active mines adjacent to flooded, abandoned mines (Quecreek Mine Scenario); two other areas contained abandoned and presumably flooded underground mines that were overlain by water impoundments; a municipal water supply reservoir and a coal slurry impoundment.
This paper addresses the utility of using HEM surveys to identify and map pools that form in underground mines. Mine pools are more conductive than the strata above and below the mine, and therefore, often offer high-contrast targets for electromagnetic survey methods. Generally, the water that comprises the mine pool contains from 0 to 3 m of water but is overlain by 10 to 400 m of less conductive strata. The ability to detect mine pools diminishes with depth and with decreasing contrast between the conductivity of the water in the mine pool and the conductivity of the overburden.
Airborne EM Surveys of Coal Mining Regions
Airborne electromagnetic surveys have been conducted from both helicopters and fixed-wing aircraft, but only helicopters are used for surveying coal mining areas in the eastern United States because of rugged topography. Electromagnetic surveys require low-altitude flight (sensor altitude ≅ 30 m above ground level) to maximize sensitivity and spatial resolution. Only helicopters can maintain a relatively constant sensor altitude while flying over rapidly varying terrain.
Figure 1 HEM surveys of coal mining areas conducted by NETL (symbol may denote more than one area).
Frequency Domain Electromagnetic Surveys
Previous work (Hammack and others, 2002) has shown that frequency domain electromagnetic (FDEM) surveys can detect mine pools at depths less than 50 m if the mine pool is conductive and the overlying strata are resistive. However, most mine pools occur at depths greater than 50 m and are not detected using FDEM.
Time Domain Electromagnetic Surveys
Time domain electromagnetic surveys (TDEM) differ from FDEM surveys in the equipment that is used ( Fig. 2 and 3 ) and in the manner that data are acquired (Fig. 4) . Compared with FDEM, TDEM uses a larger, more powerful transmitter coil that operates at a single, low frequency (30 hz). The primary magnetic field that is generated penetrates deeper into the ground, providing a greater exploration depth. Unlike FDEM, where the transmitter and receiver are constantly on, with TDEM, the receiver is only turned on after the transmitter has been turned off.
When current flows in the transmitter coil of a TDEM system, a magnetic field is instantaneously established in the ground and eddy currents flow within in-ground conductors. When the transmitter current is turned off and the primary electromagnetic field collapses, eddy currents again flow within in-ground conductors giving rise to a secondary magnetic field that is measured by the receiver. With TDEM, the measurement of weak secondary magnetic fields is made in the absence of the much stronger primary field. TDEM data consists of secondary magnetic field measurements made during numerous preset decay windows following turn-off of the primary field (Fig. 3 ). This information can be processed to obtain the vertical distribution of conductivity within the ground. Potential advantages of TDEM over FDEM include greater exploration depth and better depth resolution. Helicopter TDEM systems have provided results comparable to ground-based TDEM systems (Sorensen and others, 2004) .
Survey Description
NETL has conducted HEM surveys of 11 coal mining areas in the eastern United States (Fig.   1 ). Of these, seven surveys were conducted using FDEM surveying methods. In May 2003, four TDEM surveys were flown in southwestern Virginia using the VersaTEM, a prototype system built and operated by Geotech, Ltd. The TDEM surveys are described in this paper. 
Description of VersaTEM system
The VersaTEM is a helicopter-borne (sling-load), TDEM system of coincident loop design (Fig. 2) . System specifications are listed in Table 1 . VersaTEM surveys were conducted at a nominal altitude of 35 m along parallel flight lines spaced 100-m apart. The temporal relationship between the transmitted waveform and the recorded off-time channels is shown in Fig. 4 . 
Wise Reservoir
Wise Reservoir is the water supply for the town of Wise, Virginia, which is about 4.7 km northwest of the study area (Fig. 8) . The surveyed area comprises about 2 km 2 , which includes the reservoir and adjacent land.
Coal has been mined from at least three coalbeds within the study area. The most significant mining has been in the White Oak Mine, a large, abandoned underground mine in the Upper
Banner Coalbed that underlies most of the study area at an average depth of about 150 m.
Although a large pillar of solid coal was left in place below the Wise Reservoir, two headings do underlie the reservoir (Fig. 8) . The Norton Coalbed has been extensively surface mined in the area but there are no underground workings. Surface and underground mines in the Lyons and Blair
Coalbeds are located near the northern boundary of the study area (Fig. 8 ).
The objective of the TDEM survey at the Wise Reservoir site was to determine if water from the reservoir is infiltrating via natural or subsidence fractures into the underlying White Oak Mine.
Tom's Creek
Tom's Creek is the site of an active coal slurry impoundment that overlies an abandoned underground coal mine. The survey area comprises 9.2 km 2 , which includes the impoundment and surrounding areas (Fig. 9) , and is located about 4.1 km NNE of Coeburn, Virginia. The impoundment lies on the axis of a northeast-southwest trending anticline (Fig. 9) . Within the study area, coal has been mined from the Upper and Lower Banner Coalbeds although the most development has been in the Upper Banner Coalbed. Extensive workings in the Upper Banner
Coalbed underlie the slurry impoundment at a depth of about 100 m.
Because the slurry impoundment is located at the crest of an anticline, it is unlikely that the mine workings beneath it are flooded. Therefore, one survey objective was to attempt to identify conductive water from the impoundment that may be infiltrating into underlying or adjacent strata.
A second objective was to detect a mine pool in the Upper Banner Coalbed that has been mapped in a synclinal structure about 2.7 km ESE of the coal slurry impoundment (Fig. 9) . The depth of this mine pool ranges from 10 m to about 150 m within the survey area. The water within this mine pool is probably not especially conductive (~50-60 mS/m) based on measurements of water from other mines in the Upper Banner Coalbed. mS/m exhibits a conductance of only 70 mS. Under these conditions, CDIs will not be able to differentiate the mine pool as a separate layer.
Data interpretation was further complicated by selecting areas that contained active mines, idle mines, and abandoned mines of various ages and mine design. These mines were frequently in different coalbeds and would commonly overlie or underlie other mines. Although we were provided access to all known mine maps for the survey areas, it was obvious that maps for some older mines were not available.
A significant amount of noise was observed in all flight lines from all survey areas. This noise was from expected sources, power lines and metallic pipelines, as well as from unknown sources. Noisy conductivity data sometimes had no corresponding response in the power line or the magnetic channels, which excluded power lines and ferrous metal pipelines as potential sources. The unknown noise was accompanied by changes in the ADTAU time constant and occurred at consistent positions on adjacent flight lines. This indicated that the noise source was from the ground and not internal to the TDEM system or helicopter. For most flight lines, noise rendered 25-50 pct of the conductivity data unusable. The four areas surveyed in this study may have somewhat more cultural infrastructure than typical coal mining areas and therefore, more noise. However, improved noise rejection is needed for helicopter TDEM to be a useful tool in coal mining areas.
Finally, this study was conducted in southwestern Virginia hoping that a successful demonstration in these especially difficult thin, low-sulfur coal mines would indicate that the technology could be applied to virtually any coal mining area. The fact that helicopter TDEM did not work in southwestern Virginia does not imply that airborne TDEM will not successfully identify thicker or more conductive mine pools in other areas.
